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Abstract
The selection of appropriate responses is a complex endeavor requiring the integration of many 
different sources of information in fronto-striatal-thalamic circuits. An often neglected but 
relevant piece of information is provided by proprioceptive inputs about the current position of our 
limbs. This study examines the importance of striatal and thalamic GABA levels in these 
processes using GABA-edited magnetic resonance spectroscopy (GABAMRS) and a Simon task 
featuring proprioception-induced interference in healthy subjects. As a possible model of deficits 
in the processing of proprioceptive information, we also included Parkinson's disease (PD) 
patients in this study.
The results show that proprioceptive information about unusual postures complicates response 
selection processes in controls, but not in PD patients. The well-known deficits of PD patients in 
processing proprioceptive information can turn into a benefit when altered proprioceptive 
information would normally complicate response selection processes. Striatal and thalamic GABA 
levels play dissociable roles in the modulation of response selection processes by proprioceptive 
information: Striatal GABA levels seem to be important for the general speed of responding, most 
likely because striatal GABA promotes response selection. In contrast, the modulation of response 
conflict by proprioceptive information is closely related to thalamic GABA concentrations with 
higher concentration being related to a smaller response conflict effect. The most likely 
explanation for this finding is that the thalamus is involved in the integration of sensorimotor, 
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attentional, and cognitive information for the purpose of response formation. Yet, this effect in the 
thalamus vanishes when controls and PD patients were analyzed separately.
Keywords
striatum; thalamus; GABA; proprioception; response selection; sensorimotor integration; 
Parkinson's disease
1. Introduction
Fronto-striatal-thalamic circuits are of tremendous importance for response selection and 
sensorimotor integration processes (Bolam et al., 2000; Middleton and Strick, 2000; Reig 
and Silberberg, 2014). One of the reasons why response selection processes are quite 
complex is that the representation of most of our actions and goals comprises several aspects 
that include different forms of information (Stock et al., 2013). In this context, 
proprioceptive information about the position / posture of our limbs is an often-neglected 
aspect that has nevertheless been demonstrated to be of importance (Stock and Beste, 2014; 
Stock et al., 2013). It has been shown that proprioceptive information on an unusual 
posture / limb position increases the difficulty to select an appropriate response, especially 
when there is a conflict to mapping a stimulus onto the appropriate response (Leuthold, 
2011; Stock and Beste, 2014; Stock et al., 2013; Wascher et al., 2001). Such conflict effects 
can, for example, be induced in the Simon Task (e.g. Keye et al., 2013). There, responses 
are faster and less error-prone in case the task-irrelevant stimulus location corresponds to the 
location of the (correctly) responding effector, whereas responses are slowed down in case 
the locations of the stimulus and the responding effector mismatch, thus inducing a conflict 
(= Simon effect) (e.g. Keye et al., 2013). The size of the Simon effect reflects the extra 
demands and time required to suppress the interference caused by the incorrect response 
activation produced in non-corresponding trials that are absent in corresponding trials 
(Ridderinkhof, 2002; Wylie et al., 2010a). When proprioceptive information is altered (i.e., 
hand positions are varied) these correspondence effects are also varied (Stock et al., 2013): 
When an unusual hand position (i.e. crossed hands) is induced, correspondence effects are 
increased as compared to usual hand positions (i.e. parallel hands), suggesting that altered 
proprioceptive information complicates and hence slows down response selection processes 
(Stock et al., 2013).
For response selection processes, it has been suggested that the striatal GABAergic system 
plays an important role in the selection of appropriate responses. At the striatal level, the 
GABAergic neurotransmission is considered of importance, because it is assumed to 
constitute a winner-takes-all (WTA) network that is implemented via medium spiny neurons 
(MSN) (e.g. Bar-Gad et al., 2003; Bolam et al., 2000; Plenz, 2003). It has been shown that a 
high integrity of the WTA network leads to fast response selection and execution (e.g. Beste 
and Saft, 2015; Beste et al., 2012; Willemssen et al., 2011) and it has furthermore already 
been shown that high striatal GABA levels increase efficiency in response selection (Yildiz 
et al., 2014). Currently, it is however unknown if the fronto-striatal-thalamic GABAergic 
system also plays a role in modulatory effects of proprioceptive information on response 
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selection processes. If so, it is likely that this is the case especially in response selection 
processes that are conflicting. In the current study, we use GABA-edited magnetic 
resonance spectroscopy (MRS) (Mullins et al., 2014) to investigate this question.
Aside from striatal structures, the thalamus has been suggested to play an important role in 
the processing of proprioceptive information (Lalonde and Strazielle, 2007; Müller et al., 
2013). Moreover, thalamic structures are important for attentional orienting and feature-
integration functions (e.g. Kim, 2014; Ruhl and Dicke, 2012; Salmi et al., 2007; Schneider, 
2011; Yang and Mayer, 2014). These functions are of importance since congruency/
correspondence effects in the Simon task (see above) not only depend on response selection. 
Instead, it also depends on attentional orienting processes because different stimuli signaling 
for distinct responses have to be integrated with information on the spatial position of these 
stimuli (for review: Hommel, 2011). Consequently, functional imaging evidence suggests 
that thalamic processing is important for performance in the Simon task (Rubia et al., 2011). 
We will therefore also investigate the role of the thalamic GABAergic system for the above-
mentioned modulations of sensorimotor integration processes by proprioceptive information 
using GABA-MRS.
One possible means to deepen insights into the role of proprioceptive information for 
sensorimotor integration processes (as induced in the Simon task) and the relevance of the 
fronto-striatal-thalamic GABAergic system is to investigate the effects of Parkinson's 
disease (PD). The reason for this is that PD patients are well-known to have an increased 
threshold for the processing of proprioceptive information (Conte et al., 2013). PD seems 
particularly useful in this context since the cognitive deficits observed in this disease 
strongly depend on fronto-striatal-thalamic circuits (e.g. Kehagia et al., 2013). Moreover, 
response selection in the Simon task has been shown to be altered in PD (Fielding et al., 
2005; Plessow et al., 2014; Praamstra and Plat, 2001; van Wouwe et al., 2014; Wylie et al., 
2012, 2010b), but no study has yet examined the effects of proprioceptive information. In 
the current study, we therefore examine PD patients as a possible model of altered 
proprioceptive information processing thresholds. We hypothesize that because the 
threshold for proprioceptive information is increased, modulations of proprioceptive 
information should have smaller effects on sensorimotor integration processes in PD than in 
controls. This would imply that a deficit associated with PD can also be advantageous in 
some situations.
2. Materials and Methods
2.1 Sample
Nineteen subjects with mild-to-moderate PD (mean age ± standard deviation: 63.68 ± 9.12 
y, 10 male, no dementia, UPDRS-III score off medication: 33.34 ± 10.9) and eighteen 
healthy controls (mean age ± standard deviation: 59.63 ± 10.24 y, 11 male, UPDRS-III 
score: 5.43 ± 3.36) were recruited for the study. Three PD patients had never used any 
Parkinson's medication whereas the remaining patients were withheld from taking 
Parkinson's medication for at least 12 hours before participating in the study. Subjects with a 
previous history of neurological disorder, dementia, severe rest tremor, claustrophobia, and 
those taking GABA-ergic drugs were excluded from the study. The range of disease 
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duration of the PD subjects was between 0.75 and 11 years post-diagnosis. Written informed 
consent approved by the Indiana University Institutional Review Board was obtained from 
all subjects prior to participation.
2.2 Task
The experimental paradigm is a modified Simon Task, which is identical to a previous study 
by our group examining the role of proprioceptive information for sensorimotor integration 
processes (Stock et al., 2013). The experimental setup is shown in Figure 1. For the 
presentation of stimuli as well as for the recording of the responses (reaction times (RTs) 
and correctness), Presentation (version 14.9. by Neurobehavioral Systems, Inc.) was used. 
Responses were collected using a standard computer keyboard. Response buttons were the 
left and right “Ctrl” keys.
A white fixation cross was continuously displayed in the center of the screen on dark blue 
background color. Two white frame boxes were laterally presented at the same vertical level 
as the fixation cross. The distance of the inner border of the two lateralized boxes (one right 
and one left) from the fixation cross was 1.1 degrees visual angle. Like the fixation cross, 
the two boxes remained on the screen throughout the experiment. Each trial began with the 
presentation of a yellow capital letter (A or B) as a target stimulus within one of the two 
boxes. The opposing box always contained a noise stimulus (three horizontal white bars). 
Stimuli were approximately 0.5° wide and 0.6° high. These stimuli were presented 
simultaneously for 200 ms, after which the empty boxes remained on the screen. The study 
participants (patients and controls) were asked to respond as fast and accurately as possible 
with the index finger of their left hand, when the letter “A” was presented. When the letter 
“B” was presented they were required to respond with the index finger of their right hand. 
These responses were required to be carried out regardless of the target stimulus position on 
the screen (i.e. in the box left or right of the fixation cross). All trials in which the target 
stimulus and the correct response button were located in the same hemifield (i.e. on the same 
side of the body) were classified as spatially correspondent. Hence, all trials in which the 
stimulus and the button were located in opposing hemifields were classified as spatially non-
correspondent.
The first button press after the target onset ended the trial. When the response did not occur 
within the first 500 ms after the onset of the trial, a speed-up sign („Faster!”) was presented 
above the stimuli until the end of the trial. If no response was given, the trial automatically 
ended 1700 ms after its onset and was coded as a „miss”. The trials were separated by 
response-stimulus intervals (RSIs) during which the fixation cross and the two boxes 
remained on the screen. The duration of the RSIs varied randomly and ranged between 2000 
and 2500 ms. The experiment was made up of eight blocks, each consisting of 100 trials. To 
vary proprioceptive information, the position of the left and right hand were either parallel to 
each other (uneven blocks), or the hands were crossed (even blocks) (refer Figure 1). All 
four conditions (as defined via the spatial stimulus-response (S-R) correspondence of 
stimulus and response site and hand positions) occurred equally often, resulting in 25 trials 
per condition and block. The order of the trials was pseudo-randomized. In uneven blocks 
(blocks 1, 3, 5, and 7), the subjects were instructed to place their arms onto the response 
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panels in parallel so that the left index finger was located on the left response button and the 
right index finger was located on the right response button. For the even blocks (blocks 2, 4, 
6, and 8) the subjects were instructed to cross their arms (with the left arm being on top of 
the right arm) so that the left index finger was placed on the right response button and vice 
versa. This setup was identical for controls and PD patients.
2.3 MRS data acquisition and processing
MRI scans were conducted on a whole body 3-T Siemens Magnetom Tim Trio MR scanner 
(Siemens Healthcare, Erlangen, Germany) using a standard head coil, within 60-90 minutes 
of performing the Simon test. Fast T2-weighted images (TR/TE= 6000/127 ms) in all three 
planes were acquired for planning the 25 mm × 30 mm × 25 mm MRS volumes of interest 
(VOIs) centered on the right thalamus and right striatum (figure 2). High resolution 3D T1-
weighted Magnetization Prepared - Rapid Gradient Echo (MP-RAGE) images were also 
obtained for brain tissue segmentation into white matter (WM), grey matter (GM) and 
cerebrospinal fluid (CSF). The right hemisphere was chosen in order to be consistent with 
our earlier studies on manganism (Dydak et al., 2011; Long et al., 2014). Higher order 
shimming was performed either manually or using FASTMAP (Gruetter, 1993) to achieve a 
spectral linewidth of < 25 Hz. MEGA-PRESS edited GABA spectra (Mullins et al., 2014; 
Mescher et al., 1998) were obtained using TR/TE = 2000/68 ms, 256 averages, edit pulse 
BW = 44 Hz, and edit ON/OFF pulses at 1.9/7.5 ppm. Reference spectra without water 
suppression were obtained for phase, frequency and eddy current correction. Post-processing 
and quantification of GABA spectra was done in LCModel (v 6.2-0R) which fits spectra 
using a linear combination of basis sets (Provencher, 1993). Appropriate basis sets were 
generated using density matrix simulations and published values of chemical shifts and 
coupling constants (Kaiser et al., 2008). The LCModel parameter “dkntmn” which defines 
the flexibility for fitting a spline function to the baseline was set to 0.15. Brain tissue 
segmentation was performed using SPM8 and voxel co-registration was done using an in-
house tool written in MATLAB (v R2013a) to obtain CSF-corrected GABA values 
referenced to tissue water as described in Chowdhury (Chowdhury et al., 2015). These were 
then integrated with the behavioural data obtained from the modified Simon task.
2.4 Statistics
Task performance was analyzed in mixed effects ANOVAs. In these ANOVAs, 
“correspondence” (correspondent vs. non-correspondent), as well as “hand position” 
(parallel vs. crossed) were used as within-subject factor. The factor “group” (PD vs. 
controls) was used as between-subject factor. Greenhouse-Geisser correction was applied 
and post-hoc tests were bonferroni-corrected, whenever necessary. For all descriptive 
statistics, the mean and standard error of the mean (SEM) are given. MRS data was 
integrated with the behavioral data by means of correlation and regression analyses 
(Quetscher et al., 2014; Yildiz et al., 2014).
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3. Results
3.1 Spectral quality of GABA scans
In the thalamus, slightly better shims (linewidth) and signal to noise ratio (SNR) were 
obtained in the controls than in PD subjects. In the striatum, no significant differences 
between controls and PD patients were obtained, so no overall difference in data quality was 
observed between the groups. This is shown in Table 1. It is shown (see section 3.2) that 
differences observed in thalamus did not modulate the pattern of results as regards the role 
of GABA for task performance.
3.2 Reaction time data
There was a significant main effect of „correspondence” (F(1,32) = 92.59; p < .001; η2 = .
743) showing that RTs were longer in non-correspondent (588 ms ± 15) than in 
correspondent trials (546 ms ± 14). The main effect of “hand position” (F(1,32) = 58.82; p 
< .001; η2 = .648) showed that RTs were longer in the crossed hands condition (593 ms ± 
16) than in the parallel hands condition (541 ms ± 13). Interestingly, there was an interaction 
of “hand position × correspondence × group” (F(1,32) = 8.15; p = .007; η2 = .203). For this 
interaction a power analysis revealed a 98% power for our sample size, showing that our 
study is sufficiently powered. All other main effects or interactions were not significant (all 
F < 1.6; p > .2). The interaction “hand position × correspondence × group” is shown in 
Figure 3.
Figure 3 suggests that there were no group differences between correspondent and non-
correspondent trials in the parallel hands condition. Opposed to this, there seems to be a 
difference between groups in the crossed hands condition. In comparison to the control 
group, the PD group performed better in the non-correspondent condition, while there were 
no group differences in the correspondent condition. This is underlined in the statistical 
analysis: Calculating the S-R correspondence effect (i.e., non-correspondent minus 
correspondent RT) revealed that there was no group difference in the correspondence effect 
in the parallel hands condition (PD: 46 ms ± 7; controls: 42 ms ± 5; t32 = −0.49; p = .312). 
However, in the crossed hands condition, the correspondence effect was smaller in the PD 
group (22 ms ± 7) than in the control group (57 ms ± 7) (t32 = 2.67; p = .006). Importantly, 
there was no group difference in RTs on correspondent trials in the crossed hands condition 
(t32 = 0.18; p > .4), showing that differences in the correspondence effect were caused by 
differences in the non-correspondent condition. Compared to the parallel hands condition, 
the correspondence effect in the crossed-hands condition was larger in controls (t18 = 1.93; p 
= .035), but not different in PD patients (t18 = −0.95; p > .15).
With regard to the importance of the striatal and thalamic GABAergic neural transmission, it 
could be shown that striatal GABA levels were correlated with RTs in the entire cohort (i.e. 
including both controls and PD patients) in each of the four experimental conditions (all r > 
−.479; R2 = .22; p < .018, Bonferroni-corrected). Corresponding scatter plots are shown in 
figure 4.
Higher striatal GABA concentrations were related to shorter RTs in each condition, 
explaining at least 22% of the observed variance. However, there was no effect of the striatal 
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GABAergic system on correspondence effects (all r < .152; p > .2) in the entire cohort. 
Opposed to this, the thalamic GABAergic concentrations were correlated with the 
correspondence effect in the crossed hands condition in the entire cohort (r = −.358; R2 = .
12; p < .034, Bonferroni-corrected) (figure 4). Yet, thalamic GABAergic concentrations 
were not correlated with general RTs in the four different experimental conditions in the 
entire cohort (all r < .091; p > .3). There was only a trend for a correlation with the 
correspondence effect in the parallel hands condition in the entire cohort (r = −.275; R2 = .
12; p < .058, Bonferroni-corrected). The results therefore suggest dissociable roles of the 
striatal and thalamic GABAergic system for correspondence effects and general speed (RT) 
effects in the four different conditions.
In a regression model, we also took the factor “group” into account for the correlation 
between thalamic GABA levels and the correspondence effect in the crossed hands 
condition. Using GABA levels and “group” as predictors, this regression analysis showed an 
overall significant regression model (F(1,32) = 5.90; p = .021). However, only the factor 
group was a significant predictor (β = −.475; t = −2.51) while GABA level was no longer 
significant (β = −.202; t = −1.06). Importantly, the thalamic GABA level differed between 
PDs and controls and was higher in PDs (2.06 ± 0.09) than in controls (1.73 ± 0.09) (t32 = 
2.72; p = .005), which explains why GABA level was no longer significant when accounting 
for the factor group. For the striatal GABA level, there was no difference between PDs and 
controls (t32 = 0.87; p > .3). Therefore, calculating regression analyses using striatal GABA 
level and groups as predictors for the speed of responding in the four different experimental 
conditions, revealed that the GABA level was constantly a significant predictor in each 
regression model (all β > −.554; t = −2.95; p < .008), while “group” was constantly not 
predictive (all β < −.02; t = −0.55; p > .5). It may be argued that the obtained correlations 
with GABA concentrations may be more due to the GM volume content in the voxel 
examined. However, when adding GM volume content in the voxel as an additional 
predictor to the regression models, all regression models did not change and it is shown that 
GM volume was not a significant predictor in any model (β < −.015; t = 0.49; p > .6). 
Similarly, MRS quality parameters (i.e., SNR, linewidth, GABA %CRLB) did not modulate 
the pattern of results when added as additional predictors to the regression models for the 
thalamic and striatal region (all β < −.11; t < −0.8; p > .3). This shows that even though SNR 
and linewidth were different between the groups (at least for the thalamic VOI), this did not 
affect the pattern of results.
3.3 Accuracy data
For the rate of correct responses, the main effect of “correspondence” (F(1,32) = 40.27; p < .
001; η2 = .557) revealed more correct responses in the correspondent (94.4 % ± 2.1) than in 
the non-correspondent condition (88.1 % ± 2.1). The main effect of “hand position” (F(1,32) 
= 4.16; p = .05; η2 = .115) revealed more correct responses in the parallel (93.2 % ± 0.9) 
than in the crossed hands condition (89.2 % ± 2.7). No other main or interaction effects were 
significant (all F < 1.6; p > .2). Together with the reaction time data, the accuracy data 
shows that there was no speed-accuracy trade-off. There were also no correlations with 
striatal or thalamic GABA levels (all r < .150; p > .3).
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4. Discussion
In the current study, we investigated the role of striatal and thalamic GABA concentrations 
for complex sensorimotor integration processes using a modified Simon paradigm. We 
examined healthy subjects and patients with Parkinson's disease. The Parkinson disease 
group served as a possible “model” of altered proprioceptive information processing to 
examine whether the role of striatal and thalamic GABA for sensorimotor integration 
processes is different when processing of proprioceptive information is changed. To 
examine the role of GABA for these processes, MR spectroscopy data was integrated with 
behavioral data on sensorimotor integration processes.
A major finding of this study is reflected in the group-dependent interaction of hand position 
(proprioceptive information) and the strength of the correspondence effect. While the 
unusual proprioceptive information (crossed hands condition) lead to an increase of the 
correspondence effect in the control group, the degree of the correspondence was not 
differentially modulated by proprioception in PD patients. This suggests that proprioceptive 
information is not properly taken into account by PD patients when performing the task. 
This is well in line with the study's’ hypothesis and the literature, suggesting that PD 
patients have an increased threshold for position sensitivity of their limbs (Conte et al., 
2013) and often seem to fail to prioritize the processing of proprioceptive and sensorimotor 
information (Bloem et al., 2006; Heremans et al., 2013a; Lafargue et al., 2008; Maurer et al., 
2003). It seems that in PD patients, sensorimotor integration processes are not aggravated in 
the crossed hands condition because proprioceptive information may be sub-threshold or not 
prioritized to the same extend as in the control group. In this sense, the known deficit of PD 
patients in processing proprioceptive information (Conte et al., 2013) can also turn into a 
benefit when altered proprioceptive information would exacerbate sensorimotor integration 
processes and, subsequently, response selection. Interestingly, thalamic GABA levels were 
elevated in the PD group, as compared to the control group. It is possible that higher 
thalamic GABA levels reflect the neurobiological correlate of the increased threshold for 
proprioceptive information in PD patients reported in literature (Conte et al., 2013). If this is 
the case, there should be systematic relationships between thalamic GABA levels and task 
performance. In this regard, the analyses integrating performance data (RTs on 
correspondence effects) with neurobiochemical data are of interest and suggest that the 
striatal and the thalamic GABA level play dissociable roles for sensorimotor integration as 
examined in this study:
Striatal GABA levels were generally related to response times, with higher GABA levels 
associated with faster responses. This effect was found regardless of whether the stimulus-
response mapping was hampered by a crossed hands position, by an non-correspondent 
stimulus-response mapping or by a combination thereof. Given that GABA inhibits 
neurotransmission, this may be a counterintuitive result at first glance. However, response 
processing at a striatal level is considered to take place in a winner-takes-all (WTA) network 
that is constituted by GABAergic medium spiny neurons (MSN) (Bar-Gad et al., 2003; 
Bolam et al., 2000; Plenz, 2003). The efficiency of the WTA mechanism strongly depends 
on the integrity of this network: The higher the integrity, the faster response selection and 
execution (Beste and Saft, 2015; Beste et al., 2012, p. 201; Willemssen et al., 2011). Higher 
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striatal GABA levels, as measured using MRS, likely increase the efficiency of striatal 
response selection (Yildiz et al., 2014) which is maybe the reason why higher striatal GABA 
levels were related to faster responses in this study.
With regard to the above line of arguments, it may seem at odds that the S-R correspondence 
effect was not affected by striatal GABA levels, but by thalamic GABA levels. Higher 
thalamic GABA levels were related to a smaller correspondence effect when proprioceptive 
information is altered (crossed hands condition). Yet, thalamic GABA levels did not affect 
the general speed of responding. It is already known that PD patients suffer from abnormal 
sensorimotor integration and reduced processing of sensorimotor information that partly 
depend on processing changes in the thalamus (Bloem et al., 2006; Patel et al., 2014). This 
matches previous findings suggesting that the thalamus is involved in the monitoring and 
coordination of movements and actions (Ku et al., 2014; Sommer and Wurtz, 2002) as well 
as in our ability to overcome task-irrelevant inferences (Law and Smith, 2012) in this 
context. It could furthermore be demonstrated that fine motor performance is influenced by 
thalamic GABA levels (Long et al., 2014). Against this background, our findings suggest 
that thalamic GABA levels modulate the processing of information important for response 
selection. Yet, correspondence effects in the Simon task not only depend on response 
selection, but also on attentional orienting processes as the Simon task requires different 
stimuli signaling for distinct responses to be integrated with the spatial position of these 
stimuli (Hommel, 2011). For these attentional orienting and feature-integration functions, 
the thalamus has also been shown to play an important role (Kim, 2014; Ruhl and Dicke, 
2012; Salmi et al., 2007; Schneider, 2011; Yang and Mayer, 2014). Moreover, the thalamus 
has recently been suggested to integrate different streams of cortical, cerebellar and basal 
ganglia information (Bosch-Bouju et al., 2013) including proprioceptive information 
(Lalonde and Strazielle, 2007; Müller et al., 2013). As it was the proprioceptive information 
that was of particular relevance for the differential effects across groups, and it is known that 
altered thalamic processing underlies changes in proprioceptive information processing in 
PD (Müller et al., 2013; Patel et al., 2014), it is likely that attentional orienting and the 
integration aspect rather than the response selection aspect underlie the effects obtained in 
the current study.
It is, however, important that the factor “group” (PD vs. control) plays an important role for 
thalamic GABA levels, as the correlation between thalamic GABA levels and the 
correspondence effect disappeared when the factor group was taken into account. While this 
may be an effect of the long-term medication history of the patients, it may also reflect PD 
pathology-related effects known to involve thalamic structures (Patel et al., 2014). It is 
hence possible that group differences which are also due to the wide-spread structural 
neuropathology in PD leverage the effects of GABA. On a related point, it cannot be ruled 
out that the higher thalamic GABA levels in PD may cause this effect when this aspect is 
modeled in the statistical analysis by adding the “group” factor. Supporting this 
interpretation, the results show that in cases with no group differences in GABA levels 
between the groups (as for the striatal ROI), the factor group was not important as predictor 
for the correspondence effect.
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Although the linewidth and SNRs of the spectra were different between the groups in the 
thalamus, these parameters did not modulate the effects obtained for GABA levels and task 
performance. They are therefore not a confounding factor in this study. Since no significant 
group differences were found between GM, WM or CSF in the thalamus or the striatum, and 
no modulatory effect of GM volume for the effects obtained for GABA concentrations and 
task performance, it is ruled out that the GM content is a confounder in the results obtained. 
For GABA quantification, the contribution of macromolecule (MM) was partly accounted 
for by using LCModel's baseline. However, the GABA value should still be regarded as 
GABA+MM. A limitation of the study is that a history of depression was not systematically 
ruled out in all subjects of this study. Since depression is associated with cortical and 
possibly sub-cortical GABA deficits, it may be a confounder.
In summary, the study shows that unusual proprioceptive information complicates response 
selection processes in controls, but not in PD. Deficits in processing proprioceptive 
information can therefore turn into a benefit when altered proprioceptive information would 
complicate response selection processes. Striatal and thalamic GABA levels play dissociable 
roles in these modulations of response selection processes by proprioceptive information. 
Striatal GABA levels seem to be important for the general speed of responding, most likely 
because striatal GABA promotes response selection. In contrast, the modulation of response 
conflict by proprioceptive information is closely related to thalamic GABA concentrations, 
which diminish the degree of response conflict when elevated. The most likely explanation 
for this finding is the fact that the thalamus is strongly involved in the integration of 
sensorimotor, attentional, and cognitive information for the purpose of response formation.
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Highlights
• A role of striato-thalamic GABA in response selection and proprioception is 
tested
• Striatal GABA levels affect the general speed of responding
• Thalamic GABA levels modulate the strength of response conflict
• Proprioception does not modulate response selection in Parkinson's Disease
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Figure 1. 
Experimental setup of the Simon Task. The target stimuli (letters) could be located in either 
of the boxes as illustrated in the top rows. Letter A required a reaction of the left hand 
(respective box and limbs edged green) while letter B required a reaction of the right hand 
(respective box and limbs edged red). The parallel hands condition is shown in the bottom 
left part of the figure while the crossed hand condition is shown on the bottom right side.
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Figure 2. 
Illustration of the placement of the volumes of interests in the thalamus and striatum 
including representative examples of the MEGA-PRESS edited GABA spectrum from each 
brain region. The top part of the figure shows the thalamic volume of interest, the bottom 
part the striatal volume of interest.
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Figure 3. 
Reaction time (RT) effects obtained in the Simon task. The top of the figure shows RTs 
(means ± SEM) in the parallel hands condition for the controls and PD patients. The bottom 
of the figure shows RTs (means ± SEM) in the crossed hands condition (i.e., unusual 
proprioceptive information) for the controls and PD patients. White squares show RTs in the 
non-correspondent condition, black diamonds RTs in the correspondent condition.
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Figure 4. 
(A) Scatterplots of all subjects denoting the correlation between RTs in the four different 
Simon Task conditions with striatal GABA concentrations (mmol/l). All four plots show a 
substantial negative correlation. (B) Scatterplot denoting the negative correlation of the 
correspondence effect in the crossed hands condition with thalamic GABA concentrations 
(mmol/l). The correspondence effect is calculated by subtracting RT in the correspondent 
condition from the non-correspondent condition. Some data points were missing due to 
spectra rejected for poor quality or unavailability of Simon data.
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Table 1
Comparison of spectral quality between groups: Mean (standard deviation) of spectral signal to noise ratio 
(SNR) and linewidth, and Cramér Rao Lower Bounds (%CRLB) of the GABA fits for GABA-edited spectra 
from thalamus and striatum.
Thalamus Striatum
PD Control Sig. PD Control Sig.
SNR 18.64 (4.7) 23.06 (5.4) .029 17.91 (2.8) 18.71 (4.1) .249
Linewidth (Hz) 21.35 (4.1) 18.14 (3.2) 0.17 23.91 (2.8) 24.09 (2.2) .861
%CRLB of GABA fit 12.44 (2.1) 12.87 (1.8) .533 10.81 (1.9) 12.14 (3.2) .579
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